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We consider the leading and sub-leading twist T-odd and even contributions to 
the cos2</> azimuthal asymmetry in unpolarized dilepton production in Drell-Yan 
Scattering and semi-inclusive deep inelastic scattering of pions. 



One of the persistent challenges confronting the QCD parton model 
is the explanation of the significant azimuthal and single spin asymme- 
tries that emerge in inclusive and semi-inclusive processes 1 < 2 ' 3 - 5 ^ 4 ' 6 , Go- 
ing beyond the collinear approximation in PQCD recent progress has been 
achieved in characterizing these asymmetries in terms of absorptive scat- 
tering 7 > 8 < 9 . Such asymmetries involve time-reversal-odd (T-odd) trans- 
verse momentum dependent (TMD) distribution and fragmentation func- 
tions 10 ' 11 . They are indicative of correlations between transverse momen- 
tum of quarks and or hadrons, and the transverse spin of the reacting parti- 
cles 12 . In SIDIS for unpolarized target St ■ (P X fej_), depicts a correlation 
of transverse quark polarization with the proton's momentum and the in- 
trinsic quark momentum in an unpolarized nucleon while St ■ (p x Ph±), 
corresponds to that of a fragmenting quark's polarization with quark and 
transverse pion momentum, Ph±- These correlations enter the unpolarized 
cross-section convoluted with 13 and the Collins fragmentation function 
Hi 11 . This cos 2(f) asymmetry is not suppressed by 1/Q where Q repre- 
sents the hard QCD scale. Model estimates of absorptive scattering have 
led to color gauge invariant 8 > 14 > 15 definitions of unsubtracted 16,17 trans- 
verse momentum dependent distribution and fragmentation functions, hi 
is projected from the correlation function for TMD distribution functions 



$(fc,P), \ J dk-Tr ((T- L +7 5 $(fc, P)) = ... e+ -^ kLi ht(x, fe x )... ■ Simi- 



larly, the Collins function, H^-(z,p±) is projected from the fragmentation 
matrix A(p, Ph). Using a parton model within the quark diquark spectator 
framework to model the quark-hadron interactions 9 ' 18 




N(m + xM)(l - x)e 



26(fc3.-A(Q)) 



{r(0,2feA(0))-r(0,26A(fci))] , 



1 



February 2, 2008 1:51 Proceedings Trim Size: 9in x 6in 



spin04'gambcrg 



2 





Figure 1. Fcynman diagram representing initial and final state interactions giving rise to 
T-odd contribution to quark distribution and fragmentation functions. 



and the gauge link contribution to the Collins function are given by 19 

_N' M h » (l- z )e- 2c ( fe i- A (°))r 



Hf{z,k ± ) 



4«3 



^r(0,2cA(0))-r(0,2cA(fci))] 



Their contribution to the double T-odd azimuthal cos 2<j> asymmetry, in 
terms of initial and final (ISI/FSI) state interactions of active or "struck", 
and fragmenting quark 18 ' 19 are depicted in Fig. 1. Also, it was recognized 
by Boer 20 that the cos2r/> azimuthal asymmetry in dilcpton production 
in Drell Yan scattering has a T-odd contribution at leading twist 21 . The 
latter process is interesting in light of proposed experiments at Darmstadt 
GSI 22 , where an anti-proton beam is an ideal for studying transversity 
property of quarks due to the dominance of valence quark effects 23 . We 
explore the role that T-odd distribution and fragmentation functions play 
in unpolarized azimuthal asymmetries in SIDIS 18 > 19 > 23 . 

The angular asymmetries that arising in unpolarized Drell- Yan scatter- 
ing 24 (p + p -> + X) and SIDIS 25 ( e + p -> e'hX) are derived from 
the differential cross section expressions: 

1 da 3 1 fi , \ 2 a . ■ 2 q , . v . 2 a „ A 

— — = — 1 + A cos 6 + u sin 6 cos <f> H — sin 6 cos l<p , 

a GfiZ 47r A + 3 V 2 / 

= A + B + Ccos(?f> + Dcos2^. (1) 



da 



dxdydzdP^dfih 

In the Drell- Yan process the angles refer to the lepton pair orientation 
in their rest frame relative to the boost direction and the initial hadron's 
plane 24 . \fJ,,y depend on s, x, m 2 ^, qx- In SIDIS, the azimuthal angle 
refers to the relative angle between the hadron production plane and the 
lepton scattering plane. A, B, C, and D are functions of x, y, z, Q 2 , \Ph±\- 
v is given by 20 



V2 



E a e\T [{2h k ± h P± - P± - k ± )hi(x,k ± )hU^,P±)/(M 1 M 2 )] 
E a e|^ [/i(i,fei)/i(i,Pi)] 
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where J- is the convolution integral. Collins and Soper 24 pointed out, well 
before was identified, there is a higher twist T-even contribution to the 
cos 2(f> asymmetry 



Vi = 



2(h-(k ± -p ± ] 



(kx-p±) fi(x,k±)fi(x,p±) 



Ea e ^ T [AO, *M_)/i(z,P_l)] 



It is not small at center of mass energies of 50 GeV . We estimate the 




Figure 2. u plotted as a function of qT for s — 50 GcV 2 and x in the range 0.2 — 1.0, and q 
ranging from 2.5 - 5.0 GeV: Right panel: s = 500 GeV 2 and q from 4.0 - 8.6 GcV. 



leading twist 2 and twist 4 contributions 23 . In Fig. 2, at center of mass 
energy of s = 50 GeV 2 , the T-odd portion contributes about 28% with 
an additional 10% from the sub-leading T-even piece. The distinction be- 
tween the leading order T-odd and sub-leading order T-even contributions 
diminish at center of mass energy of s = 500 GeV 2 . In Fig. 3, v is plotted 
versus x at s = 50 GeV 2 , where qx ranges from 2 to 4 GeV. Again the 
higher twist contribution is significant. In SIDIS a leading effect enters the 
cos2(/) asymmetry with convoluted with the Collins function, H^- 11 . 
The (cos 2(j>) from ordinary sub-leading T-even and leading T-odd (up to a 
sign) contributions to order l/Q 2 is given by 



2%^(1 - y)fi(x)D 1 (z) ± 8(1 - y)hl {1 \x)Hl {1 \z) 
( cos 2^) [/r/ = — 



l + (l-y) 2 + 2^(l-y) 



(2) 



h{x)D x {z) 



The z-dependence of this asymmetry at HERMES kinematics 6 are shown 
in the right panel of Fig. 3. The full and dotted curves correspond to the 
T-even and T-odd terms in the asymmetry, respectively. The dot-dashed 
and dashed curves are the sum and the difference of those terms. One can 
see that the double T-odd asymmetry behaves like z 2 , while the T-even 
asymmetry is flat in the whole range of z. Thus, aside from the competing 
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Figure 3. Left panel: v plotted as a function of x for s = 50 GeV 2 qt ranging from 2 to 
4 GeV. Right panel: The z-dependence of the cos 2(f> asymmetry at HERMES kinematics. 



T-even effect, the experimentaf observation of a strong ^-dependence would 
indicate the presence of T-odd structures in unpolarized SIDIS implying 
that novel transversity properties of the nucleon can be accessed without 
invoking target polarization. 

We conclude that T-odd correlations of intrinsic transverse quark mo- 
mentum and transverse spin of reacting particles are intimately connected 
with studies of the cos2(/> azimuthal asymmetries in Drell-Yan and SIDIS. 

Work done in collaboration with G. R. Goldstein and K. A. Ogancssyan. Acknowledg- 
ments to F. Pijlman, A. Metz and R. Scidl for useful discussions and the organizers of SPIN04- 
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